Abstract: We introduce a conceptual framework for improving health and environmental sanitation in urban and peri-urban areas using an approach combining health, ecological, and socioeconomic and cultural assessments. The framework takes into account the three main components: i) health status, ii) physical environment, and iii) socioeconomic and cultural environment. Information on each of these three components can be obtained by using standard disciplinary methods and an innovative combination of these methods. In this way, analyses lead to extended characterization of health, ecological, and social risks while allowing the comprehensive identification of critical control points (CCPs) in relation to biomedical, epidemiological, ecological, and socioeconomic and cultural factors. The proposed concept complements the conventional CCP approach by including an actor perspective that considers vulnerability to risk and patterns of resilience. Interventions deriving from the comprehensive analysis consider biomedical, engineering, and social science perspectives, or a combination of them. By this way, the proposed framework jointly addresses health and environmental sanitation improvements, and recovery and reuse of natural resources. Moreover, interventions encompass not only technical solutions but also behavioral, social, and institutional changes which are derived from the identified resilience patterns. The interventions are assessed with regards to their potential to eliminate or reduce specific risk factors and vulnerability, enhance health status, and assure equity. The framework is conceptualized and validated for the context of urban and peri-urban settings in developing countries focusing on waste, such as excreta, wastewater, and solid waste, their influence on food quality, and their related pathogens, nutrients, and chemical pollutants.
INTRODUCTION
status is clearly governed by physical environment, in particular by environmental sanitation (excreta, wastewater, and solid waste management, drainage and water supply). According to a WHO report, 2.6 billion people worldwide still do not have any acceptable means of sanitation, while 1.1 billion people do not have an improved water supply (WHO/UNICEF, 2006) . Waterborne diseases remain one of the main causes of disability-adjusted life year (DALY) (Murray and Lopez, 1996) . With the extensive use and depletion of natural resources, the question how to minimize resource use is of highest priority. Recovery and reuse of resources from wastes while taking into account health safety and their effectiveness have been raised (Nhapi et al., 2003; Miller, 2006) . It is also obvious that social, economic, and cultural factors play a crucial role in achieving health improvements (Marmot, 1998; Anderson et al., 2003) . Research on the impact of physical, socioeconomic, and cultural environments on health, and on how to reduce health risks by improving these environments, has been abundantly performed. However, the assessments of the impact as well as the way of improving health and environment have often been conducted in relative isolation or nonintegration. For example, the combination of health and the physical environment were comprehensively assessed without sufficiently considering social, economic, and cultural factors (Morris et al., 2006) , or the link between health and society without taking enough into account physical aspects of the environment (Yen and Syme, 1999; Marmot, 2005) . Reviewing the literature shows a definite lack of integrated assessments providing approaches to improve health and environment more effectively. This is particularly relevant in all discussions on urban and peri-urban developments, where disadvantaged population groups face typical drawbacks of the rapid and uncontrolled urbanization (poor environmental sanitation, pollution, overexploitation and degradation of natural resource) and are exposed to risk (McMichael, 2000; Moore et al., 2003; Montgomery and Elimelech, 2007) .
The method of material flow analysis (MFA) studies the fluxes of resources used and transformed as they flow through a system (e.g., a region). It proved to be a suitable instrument for early recognition of environmental and resource management problems and development of appropriate measures (Baccini and Brunner, 1991; Brunner and Rechberger, 2004) . In developing countries, this method has been recently applied to optimize water and nutrient management in an environmental sanitation system, as in the case in Vietnam and China (Belevi, 2002; Huang et al., 2007; Montangero et al., 2007) . However, MFA does not provide information on potential health risks and critical control points (CCPs), which should be known for safe use of natural resources and reuse of waste products.
Quantitative microbial risk assessment (QMRA) estimates the risk of infection in an exposed group, and can be extended to estimate the risk of disease. This allows, accordingly, the assessment of CCPs in food chains (production, transformation, and consumption) and sanitation systems (Haas et al., 1999) . This methodology has been more and more used in risk assessment of drinking water (Howard et al., 2006; van Lieverloo et al., 2007) and other practices, such as waste management (Westrell et al., 2004; Eisenberg et al., 2008) . Recently, QMRA has been used to assess the risk of infection resulting in high risk of diseases for the population in contact with wastewater (Mara et al., 2007; Seidu et al., 2008) .
However, in both cases of MFA and QMRA, additional knowledge is required to assess comprehensively public health risks quantitatively, particularly taking the crucial behavioral dimensions into account.
Epidemiological studies are very important to reveal health risk in relation to food chains and environmental sanitation (Beaglehole et al., 2005) . Epidemiology, which is based on a quantitative and qualitative risk assessment at population level, includes with cultural epidemiology, how health and risk are perceived by different populations through experiences, meaning, and behavior related to particular risk (Weiss, 2001) . However, even the most comprehensive concept of epidemiology does not address the issues of resource flows/cycles.
The social anthropology approaches are people-centered and examine responses to health risk as processes leading to negative outcomes (vulnerability) or positive outcomes (resilience) from social actors' perspectives (Obrist, 2006) . A critical issue for vulnerability reduction and resilience building in contexts of livelihood security is access to livelihood assets and to health, environmental, and social services (Obrist et al., 2007) .
Hazard analysis and critical control points (HACCP), initially developed for controlling food microbial hazards, are now intensively used in the food safety control (Sun and Ockerman, 2005) and in water treatment safety (Jagals and Jagals, 2004 ). In the current context of interdisciplinary research, CCPs in food safety control should be extended to other fields of microbial hazards and polluting substances. Thus, CCPs in material flow systems can be seen in broad perspective encompassing environmental, microbiological, social, and economic dimension. This is not only important to weigh CCPs from a broad perspective but also to identify interventions revealed through successful resilience patterns. Finally, any intervention should not only be assessed for its technical efficacy but can only be introduced at large scale for beneficiaries once cost-effectiveness and equityeffectiveness are established and have been validated.
Consequently, this article aims at discussing the various approaches so far applied in understanding the interrelations between environmental sanitation, health, and well-being. Based on this brief review, we propose a conceptual framework combining health status, physical, and socioeconomic and cultural environments to improve health, and minimizing environmental impact focusing on urban and peri-urban areas in developing countries.
TOWARDS AN INTEGRATED APPROACH
The basic structure of the proposed framework is shown in Fig. 1 . The methodological approaches to apply the framework to a specific setting are compiled in Table 1 . The framework starts with a rapid analysis of the health status and the status of the physical as well as the social, cultural, and economic environment. Initially starting with an analysis of the routine databases, health status and well-being can be further assessed through specifically designed epidemiological surveys. Similarly, the status of environmental sanitation can be evaluated by surveys, observation and mapping of water supply, excreta, wastewater, solid waste management, and drainage infrastructures and services, while taking into account the technical, economic, institutional, and organizational aspects. Furthermore, interactions between waste management and the food chain, crops, and livestock can also be included. All combined, this information allows describing the current status of environmental sanitation systems, health, and well-being of the local population and the key interrelations. They provide the basis for understanding the key issues for the improvement of health and environment in a given area/setting.
Physical Environment
The physical environment describes the status of the environmental sanitation system (water supply, management of liquid and solid wastes, drainage of stormwater). Several methods for assessing the physical environment and
Interventions (biomedical, systems, engineering, behavioural its ecological impacts are available (environmental impact assessment, life cycle assessment, MFA (Baccini and Brunner, 1991; Brunner and Rechberger, 2004) , etc. As the MFA is straightforward to apply, and proven to be effective in developing countries' context with limited data availability (Montangero, 2007; Montangero et al., 2007) , we propose to use the MFA for this purpose. The main steps of an MFA are the conceptual representation of processes, their interaction with flows of goods (system analysis), as well as the quantification of mass flow of goods and substances. The tool of MFA provides useful information for the identification of key factors determining material flows (''CCPs'') and the planning of interventions aiming at reducing resource consumption and pollutant loads to the environment. In our context, the focus rests on the most relevant ''goods'' that play an important role with regard to human health and ecological impact and the ''substances'' these goods contain. Main ''goods'' are water, food, excreta, and wastewater, and the main ''substances'' taken into account are pathogens, nutrients, and chemical pollutants.
Social, Economic, and Cultural Environment
This component entails the approaches of medical anthropology, cultural epidemiology, and social economics, grouped as social science analyses (SSA). A main focus of the approach lies in considering the vulnerability and resilience of the populations (Obrist, 2006) , and their risk perceptions through experiences, meaning, and behavior related to particular illness entities (Kleinman, 1981; Weiss, 2001) . Furthermore, economic appraisal methodology is used to assess the costs and cost-effectiveness of the interventions. Combining economic appraisal with epidemiological and social and cultural data allows analysis on how there is an equitable access to resources and services, and to what degree equity effectiveness could be achieved (Gold et al., 1996; Hutton, 2000) .
Health Status
Many methodologies are used to assess and improve health status. For our framework, classical (Beaglehole et al., 2005) and cultural epidemiology (Weiss, 2001 ) and QMRA are proposed as the key methodologies to assess health and identify the determinants of disease burdens. While the basic approaches of epidemiology are well known, validated, and applied (Beaglehole et al., 2005) , QMRA has been recently applied in health status assessments, and been recommended in risk assessments for the safe use of wastewater, excreta, and graywater, and for drinking-water quality (WHO, 2006a, b) . The addition of QMRA to epidemiology (EPI) is motivated by the quantitative aspect of this method, which is based on the combination of available information on exposure and dose-response to calculate the estimated risk of having infection and disease burden related to pathogens exposure (Haas et al., 1999; Vose, 2000) . Indeed, QMRA has been used in various risk assessments and shown to be effectively applied in developing countries, even with limited data (Howard et al., 2006; Benke and Hamilton, 2008) . The identification of pathogens (viruses, bacteria, protozoa, and helminths) constitutes a main step and will effectively complement epidemiology (Fig. 1) . Clearly, the QMRA quantifies the risks of infection, while epidemiology aims at identifying the determinants and distribution of diseases, burden of disease, effects on demographic parameters, causes, and effects of risk and diseases. QMRA and epidemiology consequently allow the identification of CCPs where measure needs to be enacted in order to improve health by reducing the morbidity and mortality.
In analogy to MFA, we suggest the method of pathogen flow analysis (PFA) ( Table 1 ). The PFA focuses on most relevant pathways of pathogen transmission in the systems to quantify pathogen concentrations, pathogen flows, and their respective reduction or increase in different points of the environmental sanitation systems. The PFA approach will allow identifying the CCPs regarding pathogens to be tackled.
Comprehensive Critical Control Points
CCPs are conventionally defined, in food safety, as any step at which control can be applied, and is essential to prevent or eliminate a food safety hazard or reduce it to an acceptable level (National Advisory Committee on Microbiological Criteria for Foods, 1997). CCPs in our framework result from the analyses of the three components described above. Therefore, integrated CCPs are taken into account and identified from different perspectives, such as by comprehensive biomedical, epidemiological (health), social, cultural, and economic assessment (social sciences), and ecological assessment (physical environment) (Fig. 1) . CCPs, as used in our framework, retain the traditional CCP definition related to food chains, but are further complemented by other risks relating to pathogens in drinking water, wastewater, excreta, and solid wastes, as well as inclusion of the social and cultural perspectives that consider the concept of vulnerability and resilience.
Interventions
Once the CCPs are identified, interventions can be comparatively assessed in view of the best contributing to improving health and minimizing impact on the environment and the use of resources in a given area. Interventions established based on this background will be integrated as they will take into account the professionally defined needs and the demand of the populations concerned. Consequently, this will allow priority setting, based on reconciled needs and demands. Figure 1 further shows the dynamics between the components of the framework and the interventions. The iterative process ensures that interventions are tailored to the needs and demands of any given setting, and allows respective readjustments and strengthening of any intervention or component of intervention.
Assessment of impact, also shown in Fig. 1 , allows a critical analysis of the impact on equity effectiveness, and to understand (i) to what extent, (ii) at which level, and (iii) by which determinants equity effectiveness is achieved. Moreover, such impact assessment can represent internal and external validation of the CCPs.
NEW CONCEPT AND ITS UNDERLYING EXAMPLES
The framework as presented in Fig. 1 and elaborated above derives from past experiences in different geographical and disciplinary settings. The building blocks of on-site-experience of the framework are briefly discussed in the following section.
Physical Environment and Health Status
Combining MFA and QMRA to take into account sustainable resource management, while minimizing ecological impact and human health risk is an essential element of the framework. To our knowledge, this kind of approach has not been applied before. Some studies have tackled this topic using similar approaches, however, not with a specific methodological link or reference to MFA or QMRA. For example, a study in Bamako (Mali) focused on dynamics of raw milk quality in the distribution and consumption chain. The microbiological quality of raw cows' milk was assessed at different intervals along the milk production and transportation chain, starting from the udder up to the sales points (Bonfoh et al., 2003) . This study shows that containers for milk storage and transportation conditions (time and temperature) play a major role in the contamination and recontamination of milk by Enterobacteriaceae and Staphylococcus aureus (Bonfoh et al., 2003) . This example illustrates that understanding the milk chain (MFA system) and the dynamics of contamination is crucial to identify and characterize the CCPs.
Another advantage of combining physical and health assessment consists in quantifying the risk at CCPs. Although not directly related to sanitation, the example of Hetzel et al. (2004) shows the risk of having diarrhea and vomiting related to milk consumption in Mali and showed that consuming milk represents a significant risk. Moreover, this risk was not correctly perceived by most consumers. For instance, people were unaware of the potential risks of milk consumption, thus the low awareness may increase the risk of milk consumption.
The combination of QMRA and HACCP also reveals advantages in risk management. For example, Westrell et al. (2004) used a combination of QMRA and HACCP for management of pathogens in wastewater and sewage sludge treatment and reuse. In this study, HACCP was applied for identifying and controlling exposure to pathogens during normal sludge and wastewater handling, whereas QMRA was performed to prioritize pathogen hazards for control purposes. The highest individual health risk from a single exposure and the worst-case situation were thus identified.
Once CCPs are identified and risk assessed, appropriate interventions are needed to prevent and reduce risk caused by the contamination. Following up with the example of the previous paragraph, Bonfoh et al. (2006) proposed and tested an intervention to improve milk quality. The intervention consisted of washing and disinfecting containers for fresh milk sold in Bamako. The results obtained were very encouraging, showing that the total counts and Enterobacteriaceae counts were significantly reduced at the selling point (Bonfoh et al., 2006) .
Socioeconomic and Cultural Environment and Health Status
Public health studies have traditionally assessed risk quantitatively, resulting in absolute, relative, and attributable risks as defined by experts. Based on the risk quanti-fication, decisions on interventions were made. However, the interventions are not really effective if the affected population does not accept them. In this case, it is necessary to consider the illness meanings, behaviors, and experiences of people as, for instance, a multi-country study on tuberculosis in India, Bangladesh, Malawi, and Colombia showed (WHO/TDR, 2006) . Always from the case study of Bonfoh et al. (2006) , the compliance of population to a given intervention is determined by its cost and the perceived financial outcome. Moreover, responses to health risks leading to negative outcomes (vulnerability) are not only due to risk exposure but also to a lack of means (Chambers, 1989) . Vulnerability analysis allows for a more comprehensive understanding of health in contexts of livelihood insecurity, as exemplified in a study on women in urban settings in Dar es Salaam, Tanzania (Obrist, 2006) . These contributions have extended the concept of CCPs by cultural and social perspectives. Interventions thus become more adequate to, and acceptable for, populations concerned and, thus, increase equity effectiveness.
Physical Environment Linked to Socioeconomic and Cultural Environment
The framework relies on integrating MFA into the analyses of behavior towards resource use, reuse, and management. MFA addresses the consumption, availability of natural resources, and impact of their use, whereas a social analysis examines values and rules governing the use and reuse of resource. Availability of resources, such as water, has been compared to actual extraction of these resources using MFA (Schandl and Eisenmenger, 2006; Montangero et al., 2007) . Kytzia et al. (2004) attempted to consider the resource consumption (e.g., energy) in food production using economically extended-MFA. More recently, MFA was applied as an alternative approach to assess and address water quality degradation in rivers of developing and fast industrializing countries with the focus on nutrient pollution loads (nitrogen and phosphorus) to the river (Schaffner, 2007) . Binder (2007) attempted to couple social sciences modeling approaches to MFA, and showed that the large share of these approaches stem from economics, as these models have similar data and modeling structures as the material flow models, and concluded that the coupling approaches can support a better system understanding and allow for estimating the potential effects of economic policies on material flows.
When considering the interrelations between health, well-being, and social environment, the addition of MFA and the understanding of peoples' behavior towards environment and social institutions regulating access to infrastructure, services, and resources become essential. Combining social, economic, and physical environments allows not only characterizing and identifying the status of natural resource or materials of interest, but also understanding power structures in using resources. The combined approach enhances awareness on natural resource use and environmental protection, and consequently leads to optimized use of natural resources. This is particularly interesting in developing countries where, in contrast to developed countries, centralized waste treatment is hardly, or is not, affordable for a large proportion of the population (Parkinson and Tayler, 2003; Schertenleib, 2005) .
INSIGHTS FROM CASE STUDIES
We are testing this framework in three case studies in South-east Asia (Vietnam and Thailand) and in West Africa (Cô te d'Ivoire). In Hanam, a Northern Province of Vietnam has been chosen as a peri-urban study site. Human excreta and wastewater reuse in agriculture and aquaculture has been identified as an issue of environmental sanitation and agriculture, and health and wellbeing.
Physical Environment
MFA has been used for analyzing environmental sanitation and agriculture systems with the emphasis on nutrient flow of nitrogen (N) and phosphorus (P). Primary results show that onsite sanitation and crop production discharge the largest flows of N and P into water bodies through drainage systems (CCPs), thus options are expected to mitigate environmental impact while making values from wastes, for instance, as fertilizers.
Health Status
A set of epidemiological and QMRA studies have been carried out to look at the health effect of wastewater and excreta reuse. Thus, a cross-sectional study on diarrhea, helminth and protozoan infection prevalence related to excreta and wastewater reuse, and a case-control study of Entamoeba histolytica infection to identify exposures to wastewater and excreta responsible for this infection have been conducted. A 1-year follow-up study will be launched to further explore the link between diarrhea and excreta and wastewater reuse. In parallel, QMRA is being used to assess diarrhea infection risk of wastewater and excreta reuse with a focus on protozoa and bacteria, and a followup of risk surveillance during 1 year at different exposure points (CCPs).
Social, Economic, and Cultural Environment
A study is looking at the perception on health risk and ability of people to prevent risk caused by wastewater and excreta reuse. The first survey focusing on threat appraisal found that people recognize black color and bad smell of wastewater, bad smell of excreta, and inappropriate practice of excreta management, and suspected diseases by contact with excreta wastewater as threats.
The cases of Thailand and Ivory Coast have also identified wastewater discharged into the canals as an issue for health and environment in the urban and peri-urban setting of Pathumthani and Abidjan, respectively. In Pathumthani, we assessed health risks related to wastewater reuse with QMRA, which identified the critical risk behaviors, leading to estimates of the burden of disease due to exposure to wastewater. The main routes of domestic waste flows and transmission of pathogens in peri-urban agriculture and different scenarios were identified. QMRA focused on different groups of people highly exposed to wastewater, like farmers working in the field, and showed that proposed scenarios could significantly reduce health risk and improve the environment (Surinkul and Koottatep, 2009) . Similarly to the case in Vietnam, a social study assessing the perception on health risk of contact with wastewater showed that although the environmental situation in this area is deplorable, the water and sanitation services and facilities are adequate, and people, as well as the community and authorities, give facilities and hygiene behavior a high priority.
In Abidjan, a study on infection risk focusing on exposure to wastewater from canals using QMRA has shown that yearly infection risks from involuntary ingestion of canal water in different points and scenarios, in particular collecting and cleaning solid wastes (e.g., plastic bag) in the canal, were largely higher than acceptable risks as defined by WHO. MFA study has looked at wastewater management in the same area and identified onsite sanitation (septic tank and latrines) and drainage as the main contribution of N and P discharge to soils and the lagoon (CCPs). Three scenarios with perspectives of treating and reusing waste were proposed, which has the potential to dramatically reduce the pollution load to the environment. The combination of the three components still needs the data collection to be done.
From these first insights of the three case studies, we could identify the distinctions between the theoretical organization of the framework and the fluid interactions that occurred in the real-life case studies. The key point is to well prepare all components of the framework so that they start at the same time in the best case, or they start as close as possible to each other. In this way, information obtained from different components is complementary and allows a good combination in identifying CCPs. This particularly makes sense for the combination between epidemiological studies, QMRA and MFA.
In practice, diverse information from the three components can be combined as follows: The result of MFA identifies the CCPs in terms of environment and provides a basis for health status research. The actual risks identified by epidemiology support and complement the QMRA which assesses the risk of infection, and is fed by the data from PFA, giving CCPs in terms of health risk. Socioeconomic and cultural assessment looks at the behavior and perception of people with regards to these CCPs, but also at the cost and cost-effectiveness. All these assessments allow the identification of appropriate, equitable, and effective interventions.
SYNTHESIS, OUTLOOK, AND RESEARCH AGENDA
Most global health initiatives and the efforts to effectively contribute to the achievements of MDGs recognize that a combination of different research methods deriving from various disciplines is necessary to build an integrated framework for a sustainable improvement of health and environment. Our proposed conceptual framework based on numerous on-site-experiences, combines health aspects with physical, socioeconomic, and cultural environments for a given setting. The framework allows, through an iterative process, identifying CCPs and establishing and implementing potential key interventions. Application of the framework based on cyclic and iterative processes ensures that interventions are scrutinized for their efficacy, cost-and equity-effectiveness in a given cultural and social context. The agent-host-environment concept in epidemiology (Beaglehole et al., 2005) and the ecohealth concept (Forget and Lebel, 2001; Patz, 2006) each consider the relationships between health and environment. Our conceptual framework is in accordance, but its original contributions lie in the combination of different sectorshealth, environmental sanitation, and society-and in the integrated nature of this combination, which leads to a new approach to addressing problems at the level of research, and public and environmental health action. Specifically, the innovation resides in: (i) the identification and characterization of CCPs in MFA systems; (ii) the quantification of environmental and health risk at CCPs, and the extension of the CCP concept by a social and cultural component which allows identification of help-related and help-seeking behaviors; and finally, (iii) the promotion of minimal resource use, as well as safe reuse of natural resources such as wastewater, excreta, and other wastes.
Based on the design and requirements for each component of the framework, as well as the combination of framework components, the following questions arise and require current and future research:
(i) How can the combination of MFA and QMRA be modeled and used as a planning tool in public health and in environmental sanitation? This primarily requires knowledge of dose-response and exposure to pathogens, and understanding of pathogen behaviors in a MFA system, and variability of specific parameters influencing pathogens. (ii) How to address the concept of vulnerability and resilience in a public health context in order to understand and predict health-and help-seeking behaviors of people, including their own perceived and/or lived solutions of feasible interventions? (iii) What are the risks related to reuse of excreta and wastewater in agriculture using QMRA and EPI? What are the acceptable risks, and what are the perceptions of people towards resource consumption and reuse of waste products, particularly, their compromise between resource consumption and its reuse, as well as their awareness of using resources in a sustainable way? (iv) What are the cost-benefits of existing and improved sanitation facilities and services (investment and recurrent costs, livelihood benefit, nutrition, and reduction of disease burden), and which are the most cost-and equity-effective interventions in different settings?
(v) How best to validate the extended concept of CCPs when applying it in QMRA, EPI, MFA, and SSA?
In conclusion, the proposed integrated framework is offered for further discussion and further validation. The authors hope it can be operationalized to contribute effectively to the improvement of health and well-being in many different settings in developing countries.
